Lateralized behaviour in social insects is of biological significance, as certain lateral biases appear to have emerged in tandem with eusociality, and thus can provide insights into its functioning. Here, I investigate behavioural asymmetry in an ecologically important social insect, the honeybee Apis mellifera. Experiments show that foraging bees exhibit a strong rightward turning bias, accompanied by reduced decision latency when entering open cavities, yet demonstrate no directional preference in sequential choice-mazes. A rightward exploration preference within unknown cavities is consistent with current information relating to the physiology of this species, with workers being better equipped for sensory investigation and threat response using their right antenna and eye. Furthermore, when applied to collective nest-choice scenarios, a similar bias would promote the uniform assessment of nest cavities, and consistency in quorum attainment. Conversely, such laterality appears to provide no immediate advantage in enclosed decision-maze systems, where thigmotaxis instead predominates. As such, my results show that directional biases in A. mellifera are extent, yet context-dependent, thus providing a simple and optimized response to varied social challenges.
Introduction
Lateral biases can be observed in a diversity of taxa, spanning multiple levels of biological complexity [1 -3] . Such biases may result from evolutionary constraints, or selective pressures, and often exert a significant and detectable influence upon behaviour [4, 5] . While less extensively studied than vertebrates, there is a growing body of the literature relating to lateralization in invertebrates, including the social insects [4] . Indeed, within insect societies, systematic lateral biases are of particular interest, as it has been postulated that they play a role in the promotion of collective behaviour, with functional asymmetry being tightly coupled to social pressures at the group-and colony-level [3,4,6 -8] . Despite this, however, basic knowledge of the forms in which such biases are manifest is still far from complete [6, 9, 10] . Consequently, there is an ongoing need for information relating to basal locomotive, sensory and behavioural asymmetries, and their concordant effects upon emergent insect behaviours. Here, I investigate directional biases in the honeybee (Apis mellifera), a socially complex insect of substantial economic and ecological importance [11] .
Honeybees are known to display lateral biases in areas including sensory perception and memory, with physiological asymmetries postulated as the main causative factor [12, 13] . Indeed, such asymmetry has been found to influence social interactions and cooperative behaviour, with subsequent implications for colony functioning [3] . As such, it seems plausible that laterality may also manifest itself in the locomotory activity of honeybees. This postulate, however, remains poorly explored.
Among the social insects, ants and bumblebees are both known to display directional biases, with subsequent implications for collective behaviour and foraging, respectively [7, 14] . Turning biases are one such manifestation of these, and & 2019 The Author(s) Published by the Royal Society. All rights reserved.
can provide a simple heuristic to modulate social interactions and assist in navigation. For honeybees, the evaluation and utilization of cavities may entail both collective decisionmaking, as seen in nest site assessment, and resource-related tasks, as performed when foraging workers return to the colony's home cavity [15, 16] . Indeed, cavities represent an environment frequently encountered in a variety of contexts, including that of the colony's home itself, wherein the majority of social interactions occur [8, 17, 18] . Concomitantly, any form of locomotive asymmetry that emerges upon entry into a cavity has the potential to significantly impact a number of other life-history parameters. Specifically, such asymmetry would necessarily be the product of the need for both effective nest site exploration, and optimized social interactions. As such, turning biases in honeybees may provide a link between basal asymmetry in locomotion, and multiple life-history benefits, hence constituting a novel and versatile behavioural framework. The current study aims to test this hypothesis, both in open cavities and in sequential decision-mazes, thus probing for the existence of novel heuristics.
Material and methods (a) Bee colonies
Experiments were conducted between August and October 2018, using six colonies of Italian honeybees (Apis mellifera ligustica), situated at the USDA honeybee breeding and genetics laboratory, Baton Rouge, Louisiana. All colonies were queenright, housed in standard three-box Langstroth hives and had an average calculated population size of 22 000 workers [19] . A random ID was assigned to each hive, and 30 foragers were collected per colony, totalling 180 bees over the course of experiments.
(b) Experiments
The experimental set-up consisted of three cavities, with two interior layout variations: one open cavity and two identical branching cavities, to test for individual consistency across repeated decisions. All cavities were constructed using 45 l (240 Â 470 Â 370 mm) standard nest-boxes with 10 mm entrances (figure 1a). Nests of this volume are perceived by scouting bees as being of good quality, and thus represent cavities that would be encountered realistically in nature [15, 20] . Each cavity had a washable floor insert to avoid pheromonal accumulation between trials, and a red-filtered Perspex lid to allow observations with minimum visible light ingress [20] .
The open cavity had a hollow interior, with visual demarcations dividing it into zones to assist with directional observation, specifically, a bee was considered to have made a choice once the entirety of its body entered a zone (figure 1a,b). The branching cavities contained identical 3D-printed acrylonitrile butadiene styrene branching passage inserts at their entrances, each consisting of 10 mm wide, 120 mm long, passages with two symmetrical 908 branches (figure 1a,c). Bees entering the cavities were required to navigate these passages, and thus make directional choices. All cavities were lit with symmetrical overhead light sources (2700-6000 K colour temperature), and experiments were performed in a temperature-controlled windowless room, to eliminate light and temperature gradients. Between trials, cavities were alternated in their orientation with respect to laboratory equipment, thus normalizing any electrical field effects [21] .
At the initiation of experiments, foraging workers collected from the six source colonies were each attributed a unique ID, and introduced to the three cavities sequentially via a holding chamber. To account for any effects of exploration order, 90 bees were presented with the open cavity first (open, branching 1, branching 2) and 90 with the branching cavities first (branching 1, branching 2, open). From the point that each bee entered a cavity, a timer was started, and the side of entry (for the branching cavities), directional choices, and decision durations (defined as the time from cavity entry until choice) were recorded. Upon completion of a trial, the bee was then moved to the next cavity, and the process repeated until all three cavities had been investigated. Lastly, the individual was sequestered within a separate holding container, to avoid pseudo-replication across experiments. Between trials, all apparatus was cleaned with alcohol and water, in order to remove any accumulated pheromones that might otherwise have influenced behaviour [22] .
Investigation trials were repeated for all 180 individuals, producing three directional decisions per bee, for a total of 540 observations. In addition, 507 decision durations were recorded out of a possible total of 540, as in some cases decision durations exceeded the observation period (300 s).
(c) Statistical analyses
For all non-binary data, I performed Shapiro-Wilk analyses to check for normality, thus ensuring the subsequent application of appropriate tests. To determine if directional biases were present in the turning behaviour of bees, I employed two-tailed binomial tests, with a x 2 analysis to test for choice consistency between colonies. In the open cavity trial, choices marked as 'central' were excluded, while in the branching cavities, data were pooled, and both entry side and final choices were analysed. To ascertain if consecutive choices influenced each other in the branching cavities, a general log-linear analysis with a Poisson model (GLLM) was performed. This model analysed all interactions between the two directional choices, and side of entry. To determine if turning direction affected decision latency, and whether individuals were consistent in their decisionmaking speed, I used Kruskal-Wallis tests and Spearman's rank correlations, respectively. All analyses were undertaken using SPSS (release v. 25).
Results
When entering the open cavity, bees were significantly more likely to turn right than left (two-tailed binomial test, p , 0.001, r ¼ 86, l ¼ 35, figure 1b) figure 1c ). Despite the bees' propensity for making such aligned choices, however, there was no significant bias in the side of entrance (two-tailed binomial test, p ¼ 0.467, r ¼ 100, l ¼ 89), or first choice (two-tailed binomial test, p ¼ 0.065, r ¼ 162, l ¼ 198).
Discussion
My results demonstrate that when entering an open cavity, bees show a strong and consistent rightward turning bias.
This signal is uniform across colonies, and unaffected by cavity orientation or prior experience. Contrastingly, when individuals are presented with a branching cavity, they show no directional preference, and instead, a trend of sequential determinism emerges. These results are consonant with a context-dependent strategy, entailing a populationlevel turning bias in open nest-like cavities, and partial thigmotaxis in enclosed tunnel-like spaces. Furthermore, the reduced decision latency of individuals making right turns in the open cavity suggests that this behaviour may form part of a simple, and time saving, decision-making heuristic.
The rightward turning bias observed in open cavities is likely to be the product of intersecting adaptive selection pressures, and conserved neuro-physiological lateralization. Specifically, a rightward bias is concordant with the antennal physiology of A. mellifera, as the right antenna is preferentially used in short-term memory, pheromone detection and social interaction, ostensibly owing to its greater density of royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180877 olfactory sensilla [3, 13, 23] . Consequently, it follows that when investigating an open cavity-that may hold both the threat of predation and promise of sociality-a right turn is preferable to a left one, as in this way workers can acquire information about their environment with greater fidelity. As such, over time, the adaptive advantages of this may have led to the development of a conserved behavioural heuristic, in which workers preferentially turn right when entering open and dark spaces. Crucially, the decision latency data support this hypothesis, with workers spending significantly less time in deliberation when turning right, as opposed to when moving in a straight line, indicative of an innate response. By contrast, when bees encounter an enclosed branching decision-maze, the utility of increased olfactory perception is likely outweighed by the navigational benefits of wallfollowing. Indeed, for honeybees, constant turning strategies can be seen to predominate in maze-learning experiments [18] , a trend that is functionally concordant with the partial thigmotaxis observed here.
The existence of a consistent turning bias at the colony-level has implications for collective decision-making, as there is strong evidence to indicate that colonies of A. mellifera use a quorum-based system of nest site selection [24] . This system relies upon the accurate assessment by scouts of fellow colony-members within a potential new nest site, in order to determine when a consensus has been achieved [24] . Such a process is pertinent to the evolution of laterality, as tasks that require consistent inter-individual interactions may promote lateralization at the population-level [25] . Specifically, by having a greater tendency to enter cavities in the same direction, workers are more likely to maintain a consistent and precise rate of nest-mate detection, and hence determine quorumthresholds with higher fidelity. This point is of no small import to the selective pressures acting upon colonies, as suboptimal nest choices can result in near-certain fatality for swarms, owing to the need for ample honey storage volume [26, 27] . Indeed, in the ant species Temnothorax albipennis, it is suggested that a leftward turning bias serves a similar purpose, being implicated in the expedition of quorum attainment [7] .
An additional point of interest is the individual consistency seen across decision times. While my study addresses this only in the most preliminary sense, inter-individual heterogeneity in decision times, and consistent decisionmaking propensity, have been found to play functional roles in other social systems [6, 28] . The trend observed here will require further elucidation before any inferences about its possible functionality can be made; however, there is good potential for future investigation.
In sum, my data show that a population-level turning bias exists in honeybees, with potential impacts upon a range of behaviours, spanning several tiers of biological organization. At the level of the individual, with its lateralized neuroolfactory physiology, a context-dependent strategy of right turns in open cavities, and wall-following in branching cavities, enables appropriate and expedited exploration responses. Simultaneously, when amplified to the level of the colony, such a rightward turning preference may help to facilitate social interactions, and enhance collective decision-making. Accordingly, it may be postulated that this locomotive bias constitutes a simple behavioural heuristic, further lending to the considerable ecological and organizational success of A. mellifera as a species.
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